ABSTRACT Cumulative distributions of the number of doublings undergone by mixed megakaryocytic/erythroblastic colonies and by pure megakaryocytic colonies were determined from plasma clot cultures of bone marrow (from, C57BL/6 mice) supplemented with erythropoietin. Analysis ofthese distributions suggests that these colonies are produced by three distinct progenitors. At days 7-14, progenitors of mixed. megakaryocytic/erythroblastic colonies (BFU-ME) generate tri-exponential distributions and the mean (± SD) fraction of this progenitor pool ceasing to proliferate per doubling (FCP) increases stepwise from 0.07 ± 0.06 to o.27 ± 0.07 and to 0.73 ± 0.07. In this interval, progenitors of pure megakaryocytic colonies (CFU-M) generate biexponential slopes whose FCP values are compatible with the two last slopes above. Finally, CFU-M at day 3 express.only the last slope. From days 5 to 9, megakaryocytes.generated by BFU-ME reach lower ploidy levels than do those generated by CFU-M. It is concluded that, in the culture system used, (i) megakaryocyte progenitors that do not switch to polyploidization mature through, the three consecutive compartments indicated, (Q) each progenitor population has. a probability of becoming polyploid that reflects the fraction that ceases to proliferates (i#i) the exponentially distributed mitotic reserve of progenitors is determined by the combination of maturing into the next compartment and the probabilistic switch to the pathway ofpolyploidization, and (iv) the ploidy distribution of megakaryocytes probably depends on the progenitor from which they originate.
Nuclear amplification in the. mammalian thrombocytic series can be shown to develop in two steps in bone marrow cultures. The first step consists of a wave of mitotic divisions undergone by an unrecognized progenitor which, in cultures of murine bone marrow, produces clones composed of pure megakaryocytes (1-6), megakaryocytes and erythroblasts (7.-s), or several lineages besides megakaryocytes (10) (11) (12) (13) . The clonal origin of the mixed colonies has been demonstrated by single-cell transfer experiments. (12) and by chromosomal analysis (8) .
The second nuclear amplification step does not yield any increase in cell number but rather consists ofa wave ofendoduplications resulting in polyploid megakaryoblasts and megakaryocytes. The distribution ofDNA content in non-DNA-synthesizing megakaryocytes ranges from 2 to 64 times the haploid value and has modes at successive powers of 2N (14) (15) (16) (17) . This sequence ofendoduplications is termed "polyploidization." In mice, commitment to polyploidization is marked by the synthesis of acetylcholinesterase (AcChoEase) in small, presumably diploid cells which polyploidize without.first dividing (18) . AcChoEase is secreted by megakaryocytes and may play a role in the regulation of thrombocytopoiesis (19) . The mitotic amplification undergone by megakaryocyte progenitors in culture can be quantified from the number of doublings required to achieve the measured colony size. Similarly, polyploidization can be expressed as the number of endoduplications producing the measured megakaryocyte ploidy. Therefore, megakaryocytic colonies offer the opportunity to relate early and. late amplification quantitatively at two distinct stages of clonal development. We show here that maturation of megakaryocyte progenitors is associated with abrupt increases in the probability -of arrest of mitotic. proliferation and. switch to polyploidization and that at least three megakaryocyte progenitor compartments can be identified, each being characterized by an exponential distribution of the number of doublings undergone before initiating polyploidization.
MATERIALS AND METHODS
Cell Cultures. Femoral bone marrow from C57BL/6 mice (6-8 wk old) was cultured at the concentration of 30,000 nucleated cells per ml ofplasma clot medium according to McLeod et aL (20) (21) ]. This is 1.5-4 times the highest efficiencies thus far reported (4, 5, 20) . The frequency of BFU-ME was 22 ± 15 and 44.
Number of Doublings Prior to Polyploidization. In order to determine the factors governing megakaryocyte colony heterogeneity, distributions of progenitor proliferative potential were established at days 3, 5, 7, 9, and 14 after plating. Striking differences were observed between those progenitors that generated colonies after 3 days ofculture (termed "day 3-CFU-M") and those whose progeny developed at later times (termed "days 7-14-CFU-M" or "days 7-14-BFU-ME"). Day 5 cultures behaved like day 3 cultures in one experiment and like days [7] [8] [9] [10] [11] [12] [13] [14] cultures in others.
Day 3-CFU-M. Because too few mixed colonies were found at day 3, only pure colonies were examined. The number of doublings undergone by these colonies was exponentially distributed ( Fig. 2A) . The mode of the distribution was zero doubling, corresponding to single megakaryocytes, and its mean was 0.84 doubling. The doubling distribution f(d) could be described by the function f (d) = exp(-pd) where exp(-p) is the fraction of progenitors continuing to proliferate up to the next doubling and the complement 1 -exp(-p) = 0.70 is the fraction ceasing to proliferate during one doubling interval (FCP).
Days 7-14-CFU-M. In contrast to the cumulative frequency distributions of doubling numbers recorded at 3 days in pure colonies, the curves obtained for days [7] [8] [9] [10] [11] [12] [13] [14] pure colonies could be plotted as two exponential functions (Fig. 2 C-E hown for day 5 in Fig. 2B were also biexponential. Gamma functions, as used by Till et at (25) , did not yield better regressions than a series ofexponentials. The shifts in slope were often abrupt and they occurred at well-defined colony sizes. The calculated FCPs in a doubling class fell into two ranges of values which were reproduced. in cultures made at several month intervals ( Fig. 2 ; Table 1 ). The FCPs were of 0.48 ± 0.06 (next to last slopes) or 0.73 ± 0.07 (ast slopes). Increasing culture time revealed the last, steeper slope after a proportionately longer initial slope. The shift in slope occurred at 2.6 doublings at 7 days -and at 3.0 doublings at 9 days; it was not apparent before 6.0 doublings in 14-day cultures. The latter could not be evaluated beyond 6.0 doublings because colonies were not accurately sized above 64-128 cells.
Days 7-14-BFU-ME. Progenitors ofmixed colonies and their descendants displayed similar stepwise-increases in probability of ceasing to proliferate, but three distinct, exponential slopes with FCP values of0.07 ± 0.06, 0.27 ± 0.14, and 0.75 ± 0.09 could be discerned ( Fig. 2 ; Table 1 ). The first (flat) slope was found only in mixed colonies from days 7 to 14, and no pure colony exhibited FCP values <0.14. In cultures evaluated at 5, 7, 9, and 14 days, the next to last slope ended at 0, 2.6, 3.4, and 5.6 doublings, respectively. Characteristically, as with CFU-M, longer culture times selected those progenitors that required the longest maturation before reaching the final progenitor maturation stage.
Number of Endoduplications in Different Colony Types. The above data show that variable fractions ofthe BFU-ME and CFU-M populations switch to polyploidization during each doubling interval. However, they do not answer the question of whether these types ofprogenitors engender the same ploidy distribution in the megakaryocytes they generate. Determinations made on 7-day cultures demonstrated that, on the contrary, mixed colonies derived from days 7-14-BFU-ME underwent fewer endoduplications after switching to polyploidization than did days 7-14-CFU-M (Fig. 3) (24) . To summarize, colonies derived from days 7-14-CFU-M achieved a ploidy pattern similar to that found in normal rodent marrow; in contrast, BFU-ME proliferated more and polyploidized less than did CFU-M.
DISCUSSION
The cumulative distributions ofthe number ofdoublings undergone by pure megakaryocytic and mixed megakaryocytic/ erythroblastic colonies show that in plasma clot cultures of mouse bone marrow these colony progenitors evolve through three successive maturation stages (Fig. 4) . The more ancestral days 7-14-BFU-ME, the progenitors of mixed colonies, generate tri-exponential distributions which reveal that FCP increases stepwise with maturation from 0.07 ± 0.06 to 0.27 ± 0.07 and to 0.73 ± 0.07. Days 7-14-CFU-M, the early progenitors of pure megakaryocytic colonies, generate bi-exponential slopes with FCPs of 0.48 ± 0.06 and 0.73 ± 0.07. Considering the differences in environment that developing progenitors face in pure and mixed colonies, it would seem that the two last slopes expressed by BFU-ME and CFU-M are essentially similar. Maturation from mixed colony progenitors to pure colony ones has been demonstrated by recloning experiments (13) . Finally, day 3-CFU-M express only the last ofthe above slopes. Fig. 4 also summarizes classical knowledge derived from early work on polyploidizing megakaryocytes and nonpolyploidizingpromegakaryocytes and megakaryocytes (14) (15) (16) (17) . We term "promegakaryoblasts" the diploid cells exiting from one of the progenitor compartments, initiating AcChoEase synthesis, and becoming committed to polyploidization. Small darkly stained AcChoEase-positive cells have been isolated by sedimentation and produced nearly only single megakaryocytes in culture conditions supporting the growth of large megakaryocytic colonies (18) . Although our data do not exclude that incipient AcChoEase Fig. 2 (26) or of bromodeoxyuridine-induced sensitization to ultraviolet light (27, 28) . The results showed that the fraction of nondividing CFU-S decreased exponentially for at least 90% of the CFU-S population (27, 28) .
Whether BFU-ME and CFU-M generate the same ploidy distribution in their megakaryocyte progeny was also studied. Figs. 1-3 show that BFU-ME produce larger colonies, composed ofmegakaryocytes of lower ploidy, than do CFU-M. The reasons for this difference are not entirely clear. The presence of erythroblasts in mixed (BFU-ME) colonies may influence megakaryocyte ploidization. Studies in agar cultures using pokeweed-conditioned medium have identified two types of pure colony progenitors (4, 6) , one that generated normal ploidy histogram in its megakaryocyte progeny and one that generated large colonies of hypopolyploid megakaryocytes (6) . It may be that the most ancestral megakaryocyte progenitors are intrinsically less sensitive to potentiators favoring polyploidization and therefore tend to generate clones ofsmall, hypopolyploid megakaryocytes. In this respect, it is ofinterest that such small megakaryocytes are frequent both in fetal and neonatal hemopoiesis (29) and in various dysthrombocytopoieses, including leukemias (30, 31 
